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Abstract 
This paper presents a study of the effect of key design parameters on energy performance of two-storey single family 
dwellings and small scale neighborhoods, in a mid-latitude northern climate. Design parameters include the 
geometric shapes of dwelling units and their assemblage in a neighborhood. The effects of the design parameters are 
presented in a matrix that relates design parameters to performance criteria. An example for an evaluation system of 
the performance of design alternatives is proposed, based on design parameter effects and weights assigned to 
different performance criteria. Performance criteria considered are heating and cooling energy consumptions, solar 
energy generation, and shift of peak of electricity generation. The evaluation system is a decision-aiding tool, which 
enables selection of design parameter values leading to optimal performance for the assumed performance criteria. A 
design methodology is proposed for the design of solar optimized housing units and neighborhoods, based on the 
matrix of results and the evaluation system.  
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1. Background 
Building shape and characteristics of neighborhoods can affect solar capture and utilization, and 
energy demand of buildings. Geometry of a building and the urban context in which it is situated 
influence directly its accessibility to solar radiation [1, 2]. Solar energy can be used passively for heating 
and daylighting, or actively to generate electricity and provide domestic hot water by means of solar 
collectors. The existing literature is lacking a systematic design approach for passive solar design, 
particularly at the neighborhood level. Such an approach should define the main parameters in the design 
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of solar optimized neighborhoods, ranging from the building level to the neighborhood level, and present 
a methodology of selection of optimal values of these parameters in the design process. The focus of this 
paper is to identify the effects of key design parameters on solar potential and energy consumption for 
heating and cooling of dwellings and neighborhoods under mid latitude northern climate. A holistic 
design methodology of solar optimized neighborhoods is then proposed, based on this investigation.  
Solar potential includes passive heat gain (incident radiation on near south facing facades and transmitted 
by their windows), and energy generation by photovoltaic systems integrated on south and near south 
facing roof surfaces.  
2. Approach and design parameters 
Analysis and results presented in this paper are based on extensive study of dwelling shapes, 
configurations of neighborhood patterns, and multiple additional scenarios designed to assess individual 
effects of certain parameters, such as orientation and various dimensional relations. Neighborhood 
patterns reported in this study are characterized by a straight road, running in the east-west direction. The 
in-depth analysis of shape parameters and neighborhood analysis can be found in [1, 2 and 3].  
Design parameters’ effects are assessed by means of simulations employing EnergyPlus [4] in 
conjunction with Google Scketchup [5] (to generate geometric data). The weather data for Montreal, 
Canada (45°N) are employed to represent a northern mid-latitude climatic zone. Two design days, winter 
design day (WDD) and summer design day (SDD) are employed in the simulations to represent winter 
and summer conditions. In all shapes, it is assumed that a building integrated photovoltaic system (BIPV) 
covers the near south facing roof area. A geothermal heat pump with a coefficient of performance (COP) 
of 4 is assumed to supplement the passive and active solar heating. 
Analysis of the effects of design parameters on energy performance is based on comparative analytical 
study. Rectangular shape is used as a reference case for different shapes of houses, while a neighborhood 
with detached rectangular units serve as the reference case for the study of neighborhood parameters.  
3. Parameters and their effects 
3.1. Shape parameters 
Shape parameters that govern convex and non-convex shapes (self-shading shapes) are highlighted and 
their effects on energy performance are presented. In the design of non-convex shapes, additional 
parameters influence the solar potential and the energy consumption of dwellings. The most critical 
parameters are summarized below, and their effects are highlighted in Table 1. 
Convex Shapes 
Aspect Ratio: The ratio of south (or near-south) facing dimension to lateral dimension is a key 
parameter in the design of convex shapes for increased solar potential. Radiation on façades, solar heat 
gain and BIPV electricity generation are all affected by the aspect ratio. Heating consumption increases 
sharply for an aspect ratio that is less than 1.3 [6].  
Orientation Relative to South: Orientation of a dwelling unit relative to south affects solar radiation 
incident on the façades (and consequently heat gain by the windows), electrical energy generation from 
BIPV systems and energy consumption for heating and cooling. Deviation of the orientation of the south 
facing roof of housing unit from the south by up to 45° west or east leads to an approximate reduction of 
5% of the annual generation of electricity, as compared to a south facing BIPV system. A rotation of the 
system by 60°, west or east of south, results in a reduction of some 12% of the total annual electricity 
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generation [7]. Heating consumption is increased by up to 30% with a rotation angle of 60° east or west 
from south, as compared to the south facing rectangular shape [6]. 
Non-Convex Shapes 
 Depth Ratio (DR): Depth ratio is de the ratio of the width of the shade-casting façade (non-south 
facing) to the width of the shaded façade (south facing). Depth ratio affects mainly solar radiation 
incident on facades, and transmitted by the windows of these facades. Energy generation is not 
significantly affected by the depth ratio because the tilt of the roof surface reduces shading, as 
compared to facades.  Heating and cooling consumptions are significantly affected by depth ratio. L 
shape with DR of ½ requires 9% less heating than L shape with DR of 1 (and about 7% more than the 
reference rectangle) [6]. 
 Number of Shading Facades: This parameter affects the solar radiation on façades and on roofs as 
well as heating and cooling consumptions, depending on the depth ratio and the angle between the 
wings. For 2 shading facades, such as in U shape, the reduction in radiation incident on facades is 
doubled, relative to L shape with a single shading façade (with the same depth ratio) [1, 6]. 
 Angle Enclosed by Wings: The angle enclosed by the wings of a non-convex shape (normally 90o) 
has significant effect on the solar potential. Increasing the angle between the wings of L shape ‒  L 
variant ‒  allows (if the wing is south facing) reducing the shade on the main wing (shaded façade), 
and therefore increasing transmitted radiation and windows heat gain.  The rotation of the wing also 
allows increase of the south facing roof area as compared to L shape, and consequently the potential to 
integrate a larger PV system.  A significant shift in the timing of peak electricity generation is obtained 
by the BIPV due to variation in orientation of different roof surfaces. The increase of heating 
consumption for L variants can reach a maximum of 6% over the reference rectangular shape [6].   
3.2. Neighborhood parameters 
The main parameter affecting solar performance of the neighborhood studied (with east-west road), in 
addition to the shape of housing units, is the density of units. 
Density 
Two density effects are studied: spacing between units and density in row configurations. 
Spacing ‒  Attached Units: Attaching the units along the east-west road does not affect electricity 
generation of convex shapes. For non-convex shapes, the density effect depends on the number of shading 
surfaces and their depth ratio. Heating and cooling consumptions of attached units are lower than for the 
corresponding detached configurations. Reduction in heating consumption can reach 35% as compared to 
detached units. 
Row Configurations: Row configurations refer to scenarios where the south facing façades of a row 
of units are obstructed by another row. Distance between rows affects incident and transmitted solar 
radiation, as well as heating and cooling consumptions. Heating of detached rectangular units of the 
obstructed row can increase by 50% as compared to the unobstructed row, for a row spacing of 5 m. This 
effect is larger for attached than for detached units (heating consumption can increase by 70%) [3]. 
4. Tables of performance 
Performance of housing units and neighborhoods are presented in Tables 1, 2 and 3, in terms of the 
range of values of design parameters and the maximum effect of these parameters. Color tone is 
employed in the tables to indicate the significance of effects. Yellowish colors indicate that there is no 
significant effect; shades of red represent undesirable effect, while a green tone indicates a positive effect. 
The effects, expressed in percentage, are compared to the respective reference cases. It should be noted 
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that for the evaluation of heating and cooling consumptions, a decrease of the value as compared to the
reference case negative sign (-), is a desirable effect and is represented by green colors in the Tables.
Passive heat gain affects the energy consumption for heating and cooling and therefore it is not 
considered separately in the performance tables and the evaluations (section 5).
Table 1. Shape performance
Shapes Energy consumption Solar potential
Aspect Ratio (AR) Values Heating Cooling
Electricity 
generation Shift of Peak (hr)
/m2 total AM PM 
2 -6% 38% 0% 30%
1.6 -3% 14% 0% 18%
1.3 0% 0% 0% 0%
1 5% -20% 0% -13%
0.6 16% -38% 0% -38%
Orientation from south (O)
60(E,W) 30% 65% -12% -12% -2.5 2.5
45(E,W) 19% 37% -5% -5% -2 2
30(E,W) 7% 18% -3% -3% -1.5 1.5
0 0% 0% 0% 0% 0 0
N
on
-C
on
ve
x 
sh
ap
es
Depth ratio (DR=a/b)
DR=1/2 7% 4% -3% 21%
DR=1 20% 3% -6% 1%
DR=3/2 25% 3% -6% -16%
Number of shading facades South Direction; DR=1/2
n=1 7% 4% -3% 21%
n=2 18% 1% -6% 24%
Angle between the wing DR=1/2
β=0 7% 4% -3% 21% 0 0
β=30 7% 19% -1% 26% -1.5 1.5
β=45 6% 25% 0% 30% -2 2
β=60 6% 30% 0% 35% -2.5 2.5
β=70 2% 36% 0% 10% -3 3
All values are compared to the reference case (rectangular shape, south facinfg, AR=1.3, hip roof .
Table 2. Performance of attached and detached units as compared to the reference case (layout with detached rectangular units)
Housing units onfiguration Energy consumption Solar potential
Shape Heating Cooling
Electricity 
generation 
Shift of Peak
AM PM
Detached Rectangle (AR=1.3) 12% -40% 0%
Attached
L shape  
(DR=1/2) -12% -17% 15%
V-SW30; 
(DR=1/2) -13% 40% 22% -1.5 1.5
Reference for detached rectangles is the isolated unit. Reference for attached units is detached rectangles.
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Table 3. Performance of row configurations, as compared to the reference case (layout with detached rectangular units) 
Density 
Examples of Neighborhood 
Configurations.   
(r ‒  Row spacing) 
Energy consumption Solar potential 
Heating Cooling 
Electricity 
generation  
Shift of Peak 
AM PM 
Detached 
 
 
r=5m 55% -75% -3% 
r=10m 24% -50% 0% 
r=15m-20m 8% -30% 0% 
 
r=5m 32% -14% 26% -1.5 1.5 
r=10m 15% 4% 26% -1.5 1.5 
r=15m-20m 3% 15% 26% -1.5 1.5 
Attached 
 
r=5m 26% -80% -3% 
r=10m -3% -55% 0% 
r=15m-20m -20% -40% 0% 
 
r=5m 19% -23% 26% -1.5 1.5 
r=10m 1% -6% 26% -1.5 1.5 
r=15m-20m -12% 2% 26% -1.5 1.5 
5. Evaluation of energy performance  
The design process involves usually selection among design alternatives. A systematic selection 
procedure can be based on an evaluation system of design alternatives. The evaluation system proposed in 
this section is based on assigning weights to energy performance criteria and numerical values (grades) to 
the response variables that represent the effects of design parameters. The procedure is illustrated in the 
following example. The grades, ranging from 0 to 10, are assigned according to the magnitude of the 
effect (as compared to the reference – Tables 1-3). For energy potential as well as for shift of peak 
electricity generation higher grades are associated with positive effects (increase). For energy use higher 
grades are associated with negative effects (decrease). The assignment of weights, should be based on 
cost-benefit analysis, which depends on multiple considerations (context of designs, geographic location, 
cost of PV and HVAC systems vs. value and timing of generated electricity, as well as considerations 
such as flexibility of design and space utilization). For instance in cold climate similar to the studied 
location heating consumption has a large weight as compared to cooling consumption. In this evaluation 
example, a relatively high weight is assigned to the ability of a design alternative to shift the peak of 
electricity generation, which can reduce the mismatch between demand from the grid and supply to the 
grid. However the value of this parameter varies with location and the policies employed to sell the 
excess electricity to the grid (such as existence of time of use tariff), and therefore, the weight assigned to 
this criterion can be adjusted accordingly. Table 4 provides a sample of weights and grades assignment.  
Table 4. Grades and weights of design objectives 
Performance criteria weights  Ranges and grades of parameters’ effects 
Criterion Weight Parameter Ranges and grades of effects 
Heating consumption 2 Heating/ 
cooling 
Range (+/ -  ) 0-5% 5-10% 10-15% 15-25% 25-30% 30+ 
Cooling consumption 1  Grade 
(+) 5 4 3 2 1 0 
(-) 5 6 7 8 9 10 
Energy generation 3 Solar potential 
Range (+ /-) 0-5% 5-10% 10-15% 15-25% 25-30% 30+ 
 
Grade 
(+) 5 6 7 8 9 10 
(-) 5 4 3 2 1 0 
Shift of peak 3 Sift of peak 
Range 0h 1h 1.5h 2h 2.5h 3h 
Grade  0 1 1.5 2 2.5 3 
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A sensitivity analysis is performed on the effect of weight assignment, in which the weights are 
changed arbitrarily. For instance, the heating consumption weight was decreased incrementally, while 
cooling weight was increased. Shift of peak generation weight was assumed in one alternative as 0, to 
represent cases where no time of use tariff is applicable. The sensitivity analysis indicates that the 
evaluation of alternatives is not highly sensitive to weight assignment. The results change significantly 
only when the weight for cooling energy consumption is much larger than that of the heating 
consumption, while the weight for energy generation is simultaneously reduced by at least 20. Reducing 
the weight of shift of electricity generation (to 0), does not affect the evaluation of alternatives. 
Design alternatives are compared based on the sum of products of performance criteria weights and 
effect grades. Table 5 illustrates this process for individual units and table 6 for the neighborhood. A 
value of the total points of within a margin of 25% less of the reference case is considered as acceptable 
(“!” in Tables 5 and 6), total points that are equal or above to the points gathered by the reference case are 
considered as good (“√”). Alternatives summing up to under 25% less than the reference case are rejected 
(“X”). It should be noted that the evaluation is restricted to energy performance and does not take into 
account other architectural (functional, daylight, etc.) and urban planning considerations. Tables 5 and 6 
represent an example of evaluation of dwelling shapes and some alternatives for the design of solar 
optimized neighbourhood, respectively.  
Table 5. Evaluation of the performance of different housing shapes 
Shapes 
Points obtained from the product of weights and grades  
Total points Ratio to reference case Heating consumption 
Cooling 
consumption 
Electricity 
Generation 
Shift of 
Peak 
C
on
ve
x 
Sh
ap
es
   Reference case AR=1.3 10 5 15 0 30 √ 1.00 
Orientation (O) 
60° (E,W) 0 0 9 9 18 X 0.60 
45° (E,W) 4 0 18 6 28 ! 0.93 
30° (E,W) 8 2 15 4.5 29.5 √ 0.98 
N
on
 C
on
ve
x 
Sh
ap
es
 
Depth Ratio 
  
  
DR=1/2 8 5 24 0 33 √ 1.23 
DR=1 4 5 15 0 24 ! 0.80 
DR=3/2 2 5 6 0 13 X 0.43 
L 
configurations*  
L-SW 8 5 24 0 37 √ 1.23 
L-N 10 5 30 0 45 √ 1.50 
L variant – V-
SW*: Angle 
between the 
Wings 
β=0° 8 5 24 0 37 √ 1.23 
β=30° 8 2 27 4.5 41.5 √ 1.38 
β=45° 8 1 30 6 45 √ 1.50 
β=60° 8 0 30 9 47 √ 1.57 
β=70° 10 0 21 9 40 √ 1.33 
*) L and its variants are denoted L and V, followed by the direction (N,S) and position of the branch relative to the main wing 
(E,W). 
Table 6. Evaluation of the performance of different neighborhood patterns 
 
Density Shape  
Points obtained from the product of weights and grades 
Total Points Ratio to 
Reference  
Site 
  
Heating 
consumption 
Cooling 
consumption 
Electricity 
Generation 
Shift of 
Peak 
St
ra
ig
ht
 
ro
ad
 
Detached Rectangles 15 5 15 0 35 √ 1.00 
Attached 
  
  
Rectangles 18 6 15 0 39 √ 1.11 
L shape  (DR=1/2) 14 8 24 0 46 √ 1.31 
V-SW30 ; (DR=1/2) 14 0 24 4.5 42.5 √ 1.21 
R
ow
s 
  
Detached 
  
  
  
  
  
Rectangles (5m) 0 10 15 0 25 X      0.71 
Rectangles (10m) 4 10 15 0 29 !       0.83 
Rectangles (15-20m) 8 10 15 0 33 !       0.94 
V-SW30 (5m) 0 3 27 4.5 34.5 !   0.99 
V-SW30 (10m) 4 5 27 4.5 40.5 √ 1.16 
V-SW30 (15-10mm) 10 2 27 4.5 43.5 √ 1.24 
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6. Solar neighborhood design methodology 
A methodology is developed for the design of solar optimized neighborhoods. The methodology 
details each stage of the process, highlights alternatives that may offer good solar potential and energy 
performance, and presents systematic methods for evaluation of these alternatives, based on established 
selection criteria. The process is detailed below and illustrated in Figure 1. 
a.  Input: This includes site layout, density and houses characteristics. Houses characteristics encompass 
passive solar/energy efficiency measures. Climatic zone and location should be defined at this stage. 
b.  Initial Design Alternatives 
In a neighborhood design, there would probably be several site layouts. Following are guidelines for 
selecting initial design alternatives for a site layout with straight road running in the east-west direction.  
b.1 Low density – Detached units 
b.1.1 Unit Design 
For given units data (floors, area...) design a number of housing shapes based on:  
1) General units and site considerations, the design should consider accessibility, functional 
convenience, shape of the site, its dimensions, layout of road. Minimizing total area for given 
functional area  may be important to enhance affordability. 
2) Energy considerations: Guidelines of solar design, presented below, developed based on the 
configurations studied in this paper, is applicable to any shape. 
 Orientation: orientation of units should be within the optimal range (equatorial facing ± 30°). 
Otherwise, trade-offs in shape design (wing rotation) should be made. 
 South facing window area: a 35% of the façade represents a good size option enabling significant 
reduction of heating consumption without compromising significantly cooling consumption [6]. 
Convex shapes  
Aspect ratio: ratio of south façade to lateral façade should be within the range of 1.3- 1.6  [6].  
Non-convex shapes 
 Depth ratio: A ratio of ½ (or less) is suggested in cold climate design to reduce the effect of shade on 
heat gain. Lager ratios can be implemented in shapes with increased angle enclosed by the wings. 
 Number of shading facades: It is suggested to reduce the number of shading facades. A larger number 
can be used when the angle between the wings is larger than 120°(Table 1).  
 Increase of the angle between shading and shaded facades: By increasing the angle enclosed between 
shading and shaded facades (≥ 120°), self-shading can be controlled. It is advisable to design options 
of L variants with the wing oriented toward south-east and south-west to facilitate spread of peak 
energy generation, and to increase exploitable roof area.  
b.1.2. Placement and Orientation of Units in a Site 
1) Housing units should be placed with respect to roads, and in agreement with bylaws and regulations of 
the specific location. Some regulations prefer that the principal façade to be parallel to the road. 
2) Distances between units (on the east west axis), distance from road and minimum length of backyards 
should be determined based on regulations of the specific location. 
Attached 
  
  
  
  
  
Rectangles (5m) 2 10 15 0 27 !    0.77 
Rectangles (10m) 20 10 15 0 45 √ 1.29 
Rectangles (15-20m) 16 10 15 0 41 √ 1.17 
V-SW30 (5m) 4 8 27 4.5 43.5 √ 1.24 
V-SW30 (10m) 10 6 27 4.5 47.5 √ 1.36 
V-SW30 (15-10mm) 14 5 27 4.5 0.5 √ 1.44 
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3) Energy performance of neighborhoods designed around a straight east west road depends mainly on the 
density of the units and their shapes. 
b.2 High Density- Attached Units 
 Modify units as needed to enable the assemblage, for instance: Using combinations of L variants to 
enable effective assemblage (see Tables 2 and 3). 
 Reduce non-convex configuration effects: Shading to shaded facades ratio, as applies also to whole 
units, in the case where units are staggered, and number of shading facades (e.g. U shape effect). 
b.3 Row configurations 
b.3.1 Detached units 
 Follow procedure as in b.1. 
 Distance between rows should be determined as function of the height of the shading units, where the 
minimum distance between rows to avoid shading can be computed based on the shadow length for the 
21 of December (for the northern hemisphere). 
b.3.2. Attached Units 
 Same procedure for the design and attachment of the units as detailed in b.2 should be followed.  
 Distance between rows should be determined as mentioned above (b.3.1). 
b.4 Roof design 
b.4.1 Detached Units 
 Design a default roof. For convex shapes a gable or a hip option can be the default. For non-convex 
shapes, a combination of hip and gable can maximize effective roof area for BIPV integration. 
 Define solar technologies characteristics: PV systems efficiency, preliminary area of BIPV, etc. 
b.4.2  Attached Units 
Similar to b.4.1. Effective roof area may be increased by providing continuous roof surfaces over units. 
c.  Evaluation 
c.1 Data Generation for Simulation Software 
 Run appropriate software for generating geometric data for whole building simulation program (such 
as EnergyPlus) from given coordinates– e.g. Google Sketchup, Autocad or purpose developed tool.  
 Provide additional data for whole building simulation software including weather data, building 
materials, glazing properties, HVAC, control systems, etc. , as required by the relevant software. 
c.2 Run Simulations 
 Simulations should be performed at relatively small time step (≤1hr).  
 Raw data obtained from simulations should be processed to provide significant design related 
information. The processing can be automated.  
d. Selection 
 Comparison of results of the various design alternatives. Apply a selection procedure (e.g. weighted 
design procedure (section 5)) for evaluation of design alternatives and selection.  
 Pick best few alternatives, modify as seems suitable: Shading/shaded facades in assemblages and in 
units; Roof designs: Roof area and spread of peak electricity generation can be modified by 
considering roof designs that join various tilt and orientation angles;  PV efficiency, in stage b.4. 
 Go back to step c.2. – Simulation, and repeat selection process. 
 If final selection go to step e.  
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Detached Attached
Input (brief) Units
No. of stories/rooms, functional area
Site
Site area, layout, density
Initial design
variants
Shapes
Density
Low/medium (detached) High (attached)
Detached rectangle or L/L variant Attached rectangle or L/L variant 
Layouts
Row
Initial
selection
Roof Default: Hip/gable roof
Select a number of configurations for the given site (at least 3), each aimed at different
objective: minimizing cost; maximizing energy output/demand; peak electricity spread. 
Initial selection based on research results
Generate geometric data based on drawings. Provide data required for energy 
simulation software
Assign weights to performance criteria and grades to values of design parameter
Energy
analysis
Modify best performing config. to improve energy balance (roof design, orientations)
Results 
satisfactory?
n
y Output 
results
Redesign of 
selected 
configurations
Simulation of energy demand/ supply of selected variants employing 
EnegyPlus or other purpose developed software
n
y
Preliminar
y design?
Modify best performing configurations to improve energy balance: roof design;
shapes variations for improved insolation
Perform evaluation of results by weighted performance criteria method
Fig. 1. Flowchart of the design process of solar optimized neighborhoods
 Caroline Hachem et al. /  Energy Procedia  30 ( 2012 )  1284 – 1293 1293
e. Preparation of final documents for construction: Final documents are supported by supplementary 
documents providing information of energy performance of individual units and neighborhoods (such as 
energy use for heating and cooling; Potential of electricity generation by the BIPV systems and shift of 
peak / time of peak at various days of the year- Design Days). 
7. Conclusion  
This paper presents an investigation of key design parameters of dwelling shapes and neighborhood 
patterns for increased solar potential. The investigation aims at exploring flexibility of design and 
maintaining functionality of the dwellings, while promoting energy conservation, and maximizing solar 
capture and utilization by facades and roofs. Holistic design methodology for solar optimized 
neighborhoods is developed based on the effects of the design parameters on energy performance of 
dwelling units and neighborhoods. Main guidelines in the design of a rectangular building shape are: 
aspect ratio and orientation. For non-convex shapes, the most influential are: depth ratio – ratio of shading 
to shaded facades (south facing, in the northern hemisphere), number of shading facades, and the angle in 
between these facades. For high density neighborhoods, attached units can reduce heating and cooling 
energy consumption. In neighborhoods featuring row configurations, the distance between rows is of 
primary importance. A distance of at least 85% of the minimal distance required to avoid shading 
between the rows is recommended to minimize shading effects.  
The design methodology presented in this paper is developed under a northern mid-latitude climatic 
zone, similar to the climate of Montreal, Canada (45°N). However, this methodology can be applied to 
different locations and climates, with few modifications. The main design modification includes the tilt 
angle of roofs; a tilt angle that approximates the latitude of a specific location is recommended for near 
optimal performance of a BIPV system. In hot climates for instance, depth ratio and number of shading 
facades of non-convex building shapes can be increased to enhance the self-shading effect. 
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